The location and stability of gas hydrates in the SW Barents Sea is poorly constrained due to complex geological, geochemical, and geophysical conditions, including poor controls on regional heat flow and gas chemistry. Understanding the stability of gas hydrates in this region is important, as recent studies suggest destabilizing hydrates may lead to methane discharge into the ocean and possibly in to the atmosphere. Here, we use high-resolution 3D P-Cable seismic data, combined with 3D heat flow and fluid flow models to place new constraints on gas hydrate stability in this region. The 3D P-Cable seismic data, acquired in 2009 west of Loppa High, show cross-cutting, reverse polarity, high-amplitude reflectors interpreted as the base of gas hydrate stability. To constrain heat flow, fluid flow, and gas hydrate stability within the 3D seismic volume, we use a 3D steady-state, finite difference diffusive thermal model that incorporates regional bottom water temperature from CTD casts, expected geothermal gradients, and gas composition derived from well data. In general, modelled bottom simulating reflectors are deeper than observed BSRs. Our analysis weighs multiple factors that might explain the discrepancy between observed and modelled bottom simulating reflector depths. From this analysis, we propose that the most significant discrepancies in BSR depth are likely related to changes in regional fluid/heat flow and fluid geochemistry. The anomalously shallow bottom simulating reflectors can be explained via vertical fluid flow that might include ensuing potential effects on gas composition, pore water salinity and temperature. Our estimate suggest that a maximum vertical fluid flux of approximately 12 mm/y is necessary to explain the most significant anomalies. Our study provides new insight into regional heat flow, geochemistry, and endmember vertical fluid flux rates in the Barents Sea. Moreover, it documents that the fluid flow system is active and most likely, very dynamic.
Introduction
The Barents Sea is a shallow shelf sea bordering the Arctic Ocean north of continental Europe (Figure 1 ). It contains large sedimentary basins hosting large amount of hydrocarbon trapped in conventional petroleum systems and innumerable shallow gas and gas hydrate accumulations (Andreassen et al., 1990; Henriksen et al., 2011; Chand et al., 2012; Vadakkepuliyambatta et al. , 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 Hornbach, 2012). Important parameters affecting hydrate formation include bottom water temperature, geothermal gradient, gas composition, and pore water salinity (Ussler and Paull, 2001; Coffin et al., 2007) . Some of these parameters are highly variable in the SW Barents Sea.
Different water masses control the bottom water temperatures in the Barents Sea region (Løvø et al., 1990) . In general, the northern part of the SW Barents Sea is significantly colder than the southern part due to the influence of cold Arctic water masses, and the bottom water temperature in our study area (320 m) may in some extreme cases vary between -1.5 0 C to 6.5 0 C (NODC, 2013) .Seasonal variation in bottom water temperature is relatively small (about 1 0 C) and most prevalent close to the coastline and in the northern part of SW Barents Sea.
Another additional complexity is that unlike the Hydrate Ridge, Cascadia, or Blake Ridge, few heat flow measurements exist in the SW Barents Sea to constrain regional shallow subsurface temperatures. This is compounded by the fact that heat flow in some parts of the SW Barents Sea can be locally variable due to the presence of piercement structures, such as salt domes in the Nordkapp Basin and the Tromsø Basin (Bugge et al., 2002) . Salt intrusions typically increase both shallow sediment temperatures and pore water salinity, resulting in a thinner GHSZ (e.g., Dickens and Quinby-Hunt, 1997; Taylor et al., 2000; Hornbach et al., 2005; Ruppel, 2005; Sloan and Koh, 2008) . Faults and focused fluid flow features can also increase heat flow causing a shallower GHSZ (e.g., Ruppel, 2005) . The major source of information on geothermal gradients in the SW Barents Sea is bottom-hole temperature measurements from deep exploration wells.
Existing geothermal gradient measurements from wells show significant regional variability. For example, in the Nordkapp Basin, the geothermal gradient varies from 22.8-69 0 C/km within relatively short distances (~120km) (Bugge et al., 2002) and this variation can shift the GHSZ ~300 m vertically over a broad region at this site (Chand et al., 2008) .
Gas composition in sediments in the SW Barents Sea is also highly variable. Knowledge of precise gas composition is important in gas hydrate stability modelling, as even a moderate ( 5-10%) variation in gas composition can shift the modelled GHSZ by tens-to-hundreds of meters (Chand et al., 2008; Sloan and Koh, 2008; Collett et al., 2009) . Chemical analyses of gas samples in the water column and beneath the seabed along the Svalbard Barents Sea margin indicate a complex thermogenic origin (Løberg and Bjorøy, 1990; Knies et al., 2004) . Middle-lower Jurassic sandstones are the primary reservoirs in the SW Barents Sea (Larsen et al., 1993) , and gas expansion (Nyland et al., 1992) and reservoir tilting (Kjemperud and Fjeldskaar, 1992) has likely resulted in leakage of higher-order (i.e. non-methane) hydrocarbons from deeper formations in the Bjørnøya Basin and the Hammerfest Basin (Larsen et al., 1993) . Considering these factors, Laberg and Andreassen (1996) suggested a thermogenic origin implying higherorder hydrocarbons likely exist in gas hydrates observed in the Bjørnøya Basin. Analyses conducted on gas samples from deep exploration wells in the SW Barents Sea show presence of higher-order hydrocarbons, as high as 30% (NPD). As a result, we can use the depth of the seismic BSR to place constraints on (1) the geochemical signature of the gas and (2) from this, the potential source depth of thermogenic gas migration below the Barents Sea 3D volume.
We therefore use our model to estimate possible BSR locations in the area using end-member values for different geochemical and geophysical parameters, and from this, derive first-order estimates for the potential controls on hydrate stability at this site.
Seismic data collection and interpretation
We acquired high resolution P- pressure of approx. 150 bars. Data processing followed the procedure described in Rajan et al.
(2013) and consisted of navigational correction, binning, static and tidal correction, band pass filtering, amplitude correction, trace editing, normal move-out, 3D stack and 3D stolt migration.
The lateral resolution of the survey is 6.25x6.25 m. In addition to the seismic data, well log data from nearby exploration well 7219/9-1 is used to constrain seismic velocity.
The seafloor in the study area is highly uneven (Figure 2a This interpretation is consistent with previous studies that have also documented the existence of gas hydrates at this site (Løvø et al., 1990) . We generally observe chaotic, discontinuous reflections below the BSR. The top of the BSR is discontinuous, as is documented with an RMS amplitude attribute map, implying potentially significant variability of gas and perhaps gas hydrate concentration across the region (Figure 3a ). Specifically, in map view, the BSR assumes isolated, elongated, and oval-shaped patterns from 50 to 1400 m wide. _ENREF_45 As discussed previously, we can attribute the irregular and discontinuous nature of the BSR to a host of geochemical and geophysical factors. Additionally, variations in sediment physical properties and gas supply can also effect the existence, location, and pervasiveness of the BSR (Woodside and Ivanov, 2002) . However, to form the dipping terminations as seen in figure 2b and 2c, significant local variation in the parameters that control hydrate stability may be necessary.
In order to understand what physical conditions can lead to the formation of such a seismic reflection, we implement a high-resolution 3D steady-state heat flow model using the P-Cable data that integrates gas hydrate stability models to estimate BSR depth (Hornbach et al., 2012) . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 that progressively increasing concentrations of methane (that is molecularly lighter and more buoyant) than other natural gases might also explain the anomalously shallow BSR. Without shallow drilling data at the site, however, it is very difficult to determine accurately whether change in gas composition causes the observed anomaly in BSR depth.
Regional heat flow and associated geothermal gradient
Temperature variations associated with changes in regional heat flow can also affect the stability of gas hydrates (e.g., Sloan and Koh, 2008) . For constant thermal conductivities, increases in heat flow will increase the regional geothermal gradient, resulting in shallower BSRs. Using well data, we calculate a geothermal gradient at this site of 31. 
Anomalous seismic velocity due to lithology changes or gas hydrate accumulations
Seismic velocities from well 7219/9-1, located ~15 km away, are used to convert the BSR depth to two-way time. Our calculations estimate that an uncertainty of 10% in the seismic velocity could account for the observed BSR anomaly. However, this still cannot explain the dipping edges of observed BSRs (Fig. 2b, c) . Moreover, the seismic data do not show any significant variation in lithology above the BSR so as to cause a velocity anomaly. 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 Seismic P-wave velocities in pure gas hydrate is more than twice that of typical shallowly buried marine sediments (Waite et al., 2000) . High concentrations of hydrates above BSRs can lead to unexpectedly high seismic velocities (e.g., Gorman et al., 2002) . If these anomalous velocities are unaccounted for in the seismic velocity model, they can cause unexpected BSR shoaling (Gorman et al., 2002; Hornbach et al., 2003) . We calculate the amount of hydrate necessary in the sediment to explain the shift in depth using the rock physics model of Helgerud et al. (1999) .
For this calculation, we assume sediment above the BSR consists of sandy clay with a maximum average porosity of 45%, an average number of grain contacts of 8.5, a seismic velocity of 1750 m/s without the hydrates. If hydrate cements the sediment frame, the BSR depth anomaly can be explained only if 50% of the entire sediment column above the BSR consists of hydrate. This is highly unlikely since the glacial deposits in the SW Barents Sea are not suitable hydrate reservoirs. A conservative estimate by Laberg et al. (1998) from a nearby area show hydrate occupancies up to 7% of the sediment volume. Thus, it is unlikely that seismic velocity anomalies due to elevated hydrate concentrations explain the observed shoaling of BSR.
Assessing fluid flow as an alternative explanation for the BSR
From uncertainty analysis already discussed, we can conclude that changes in our assumptions regarding salinity, gas composition and geothermal gradient may act alone or perhaps in concert to produce some of the observed differences between the true and modelled BSR at this site.
Although diffusion of gas and salinity across the site is possible, advective flow provides by far the most effective means of changing the regional geochemistry and temperature across the site (e.g., Bredehoeft and Papadopulos, 1965) and also provides at least one explanation for the small (meter) scale lateral changes we observe in BSR depth in the seismic volume. Here, we assess 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 how fluid flow might provide an alternative explanation for the difference between the modelled and observed BSR.
The seismic data show a large zone of acoustic masking below the observed BSR, indicating attenuation of wave energy or possible disorganized and chaotic seismic reflections below (Figure 2, 3) . Such acoustically masked zones are often interpreted as gas chimneys, formed due to seismic signal attenuation in irregularly distributed low-velocity gas charged zones (Gorman et al., 2002; Løseth et al., 2002; Arntsen et al., 2007) . The upward migration of fluids can affect gas hydrate stability by altering the temperature, salinity of pore fluids, and composition of gas forming hydrates (Judd and Hovland, 2007) . The upward fluid flow (and likely upward heat flow) through gas chimneys can significantly shift hydrate stability conditions away from steady state predictions.
It is challenging to estimate the salinity and gas composition variations caused by such a large zone of fluid leakage since we have limited insight into variations in subsurface salinity and gas composition with depth. Nonetheless, it is possible to isolate the effects of temperature by modelling temperature variations in the area as a result of advective heat flow through the gas chimney assuming constant geochemical conditions. In order to understand the role fluid flow might play in shoaling of the BSR we consider an arbitrary 2D line from the 3D P-Cable seismic data (Figure 2) as the geometrical constraint for a 2D steady-state advection-diffusion heat flow model. The horizontal resolution is set to 100 m. The shallowest source rock in the area is Hekkingen formation representing late Jurassic age, which occurs at 1893 mbsl. One of the major source rocks in the area, Snadd Formation representing late Triassic age, is situated at a depth of 2877 mbsl (from well 7219/9-1); however, source rocks across this region extend to depths as great as 3000 mbsl (NPD). Since it is almost impossible to identify the exact depth of provide perhaps the simplest explanation for the observed small scale variability in BSR depth. It is important to recognize that the sharpness of these BSR depth irregularities across the section is inconsistent with steady-state diffusive heat flow at the site, implying a dynamic system likely exists. We hypothesize that the observed BSR is perhaps the result of a complex combination of upward fluid flow that likely changes regional geochemistry across the site by upwelling higherorder hydrocarbons and perhaps more saline pore water from depth.
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